Surgical events such as retraction, resection, and gravitational sag often cause significant tissue movement that compromises the accuracy of neuronavigation systems that use a preoperative image display. Computational modeling has gained interest as a method for correcting registration errors that result from brain deformation by simulating surgical events and creating updated images. The success of simulating surgical events relies upon the application of surgical forces to a model of brain deformation physics. This paper analyzes the model simulation of retraction using a finite element model of the brain. To test the model, we conducted an ex vivo experiment on a porcine model using a retraction system in a MR scanner. The high-resolution images of retraction obtained from the sets of MR images were used to create the 3D volumetric model and serve as a basis of comparison to the model-updated images and calculations. The model is found to recapture 66% of average tissue motion and reduce the maximum registration error by over 80%. The model-updated images are displayed along with the actual deformation images and show a strong potential for computational modeling as a means to compensate for brain shift and minimize registration errors.
INTRODUCTION
The success of neuronavigation systems employed during neurosurgery relies heavily upon accurate registration of the patient's anatomy with preoperative magnetic resonance (MR) images. Effective registration enables the surgeon to intraoperatively view the location of his/her surgical instruments on the preoperative MR display. However, a number of studies have shown that intraoperative brain shift due to gravitational sag, retraction, and resection can induce registration errors between the preoperative image and patient anatomy and may ultimately compromise the success of an image-guided procedure [1] [2] [3] [4] . Current solutions to the brain shift problem include the use of intraoperative MR (iMR) and computed tomography (iCT) and have been shown to be somewhat costly and cumbersome [5] . Recently, strategies have been developed that employ the use of computational models to predict volumetric shift and use this prediction to update preoperative images [6] . This technique takes advantage of all available preoperative imaging data and relies only on high-performance computing to create the deformed images that can potentially reduce registration errors at a much lower cost than other volumetric imaging methods.
In a series of clinical cases reported by Miga et al. [7] , the use of a computational model was shown to recapture nearly 70-80% of registration error caused by gravitational sag of brain tissue in response to craniotomy and dural opening. Computational modeling of retraction and resection has proven to be more challenging and research has been limited. Recently, a framework for the compensation of retraction/resection effects has been reported within the context of a clinical example [8] which was followed by an in vivo animal study of retraction within the CT environment conducted by Platenik et al. [9] . With further refinement, strategies accounting for retraction and resection in conjunction with gravitational sag could be applied intraoperatively to provide realistic deformations of the high-resolution preoperative images.
In this paper a tissue retraction device for use on a porcine model in a MR scanner was developed for analysis of the model-updating approach. The system enabled acquisition of high-resolution MR image volumes showing tissue deformation at each stage of tissue retraction. The high-resolution MR images were also used for the generation of a 3-dimensional finite element model and for tracking the tissue motion at various points throughout the brain. This data could then be compared to model calculations in two ways: (1) comparing the point-by-point trajectory to model predictions, and (2) comparing the model-updated images to their MR-acquired counterparts.
MATERIALS AND METHODS

A. Porcine Retraction System
The retraction system was developed out of Polyvinyl Chloride (PVC) pipe, Plexiglas, and nylon screws. The pipe measured approximately 27.2 cm in diameter and 4 ½ feet long. As Figure 1 (below) indicates, the top portion of the pipe was sawed-off approximately 20 cm from the bottom to allow easy placement of the pig in the frame and manipulation of the retractor. Using a heat gun, a 5-inch wide section of the removed pipe was flattened in the center to serve as a platform for the retractor with a ½ inch wide slot milled in the center for horizontal movement. The retraction system consisted of a ¼ inch thick Plexiglas bracket with a ¼ inch nylon bolt threaded through and two nylon nuts locking the bolt in place. The retractors were attached by two 1/8 inch screws to a ½ inch Plexiglas block located in the center of the bracket with the bolt threaded through. Placing the top of the retractor block firmly against the top plate of the bracket allows movement of the retractor smoothly in the desired direction when the bolt is turned (lead screw mechanism). The retractors were made out of thin (1/16 inch) pieces of Plexiglas measuring 1 cm in width and lengths of 3, 5, and 7 cm (the 3 cm length was used for the experiment). The top plate of the bracket was threaded through the center, allowing a ½ inch nylon bolt to screw into the plate and locked with a nylon nut tightened on top. Once the retractor bracket is fastened in place, the ½ inch bolt can be moved vertically, horizontally, or rotated to the desired location, and locked in place. 
B. Ex Vivo Experimental Procedures
A 2-hour post-mortem pig weighing approximately 15 kg was used for the retraction experiment. The pig head was first tightly packed within the PVC frame. A 3.5 cm x 2.5 cm craniotomy was performed directly above the hemispheric fissure in the center of the brain. The 3 cm retractor was put in place with its tip approximately 1 cm deep into the hemispheric fissure. Baseline scans were recorded on the 3-Tesla MR scanner (T1-weighted, 1 mm slices) at Vanderbilt University Medical Center with the retractor in place. The bed was then brought out of the MR imaging unit, the retractor moved 2.5 mm into the right hemisphere (positive X-axis), moved back into the MR imaging unit, and a series of scans showing the 2.5 mm deformation was captured.
The process was repeated for retractions of 5, 7.5, and 10 mm.
C. Computational Model Generation
The computational model is based on the early work performed by Nagashima et al. [10, 11] and uses consolidation physics to estimate the volumetric deformations associated with brain tissue mechanics. The equations governing consolidation theory are: The brain is modeled as a biphasic system whereby changes in strain from applied forces are coupled to changes in interstitial fluid movement.
Thus, when a stress is applied to the brain there is an immediate deformation due to the applied force on the elastic material followed by additional deformations due to changes in the interstitial fluid flow over time. The fidelity of our computations has been reported previously [12] .
The three-dimensional volumetric porcine model was obtained by segmentation of the regions of interest from the baseline MR scans using AnalyzeAVW software (Biomedical Imaging Resource, Mayo Foundation, Rochester, MN). After delineating the proper anatomical boundaries from every pertinent slice, a marching cubes algorithm was used to generate the 3D surface of the model [13] , which was subsequently used to generate the tetrahedral volumetric mesh using custom software created by Sullivan et al. [14] . The retractor was inserted into the model by splitting the mesh according to the dimensions of the retractor through a process reported by Miga et al. [8] . Splitting the mesh creates nodes on either side of the retractor whose boundary conditions can be specified independently. In this case, placement of the retractor was determined from the high-resolution MR images, but the model also allows for the generation and tracking of the retractor intraoperatively using ordinary 3D digitization technology.
Figure 3. Boundary conditions.
Specification of boundary conditions directs the distribution of pressure and displacement of the mesh in response to the applied retraction forces. In this case, the craniotomy was performed before the baseline preoperative images were taken, and thus the effects of gravity were already assumed to have taken place and were not simulated. Boundary conditions differed throughout the volume of the brain (see Figure 3 on right). Tissue directly under the craniotomy (+ in Figure 3 ) was specified as stress free, while tissue below this region was allowed to only displace tangentially along the cortical surface due to the confinement of the skull. Pressure was specified according to whether the brain was surrounded by air (above the dotted line in Figure 3 ) or fluid (below the line). The given boundary conditions create a pressure gradient that will cause fluid to drain to the surface of the brain. Boundary conditions for the retractor differed on the retracted and unretracted sides. Conditions on the retracted side were assigned fixed positive x-displacements of 2.5, 5, 7.5, and 10 mm in four different trials corresponding to the four levels of retraction. Pressure on the retracted side was prescribed based on a polynomial relating pressure to applied displacement as calculated in previous research by Miga et al. [15] . Conditions on the unretracted side were specified as stress-free.
RESULTS
Figures 4 & 5 illustrate the experimental and calculated displacements of fourteen points throughout the brain tracked through 5 & 7.5 mm retraction. Points corresponding to internal structures (e.g. lateral ventricles, white/gray matter patterns, fissure endpoints, etc.) were identified by the authors on the baseline scans and tracked through each deformation on the high-resolution MR images using AnalyzeAVW software. The origin coordinates of every tracked point on the baseline scan were inputted into the model, which subsequently calculated a trajectory based on the estimated deformations. For the results presented below, the computational model solved a series of 69,644 equations consisting of 17,411 nodes and 91,502 elements. Table 1 (below) shows the average and maximum point displacements of all fourteen points for 5, 7.5, and 10 mm of retraction as viewed on the high-resolution images by the authors. The 2.5 mm retraction yielded results that were difficult to discern given the resolution of the MR images (~0.625 x 0.625 x 1 mm 3 voxels). At 10 mm of retraction there was a noticeable tearing at the bottom of the hemispheric fissure due to the large amount of retraction, which could have influenced these retraction results. Table 2 presents the differences between experimental and calculated displacements. As Tables 1 & 2 illustrate, there was no observed movement in the zaxis and little calculated z displacement from the model. Movement in the y-axis differed between the retracted/unretracted sides. On the retracted side (right hemisphere) tissue near the surface of the brain appeared to bulge out against the retractor, while on the unretracted side tissue near the retractor appeared to sag more than the model predicts. Upon examination of the images it was determined that the retractor was lifting up tissue on the unretracted side of the brain in the baseline scans, which then sagged back down upon movement of the retractor. These complications led to small levels of error in y-axis displacement. One way to measure the accuracy of the predictions is to calculate the amount of error that was recovered/compensated for by using a model-updating approach. In some sense, registration errors between the preoperative and intraoperative state are equivalent to the total displacement caused by retraction (indicated in Table 1 ). These registration errors after using the model to correct for retractions are listed in Table 2 . Table 3 Table 3 : Average/Maximum % recapture using the computer model. Figure 6 shows a plot of displacement error versus distance (from retractor) for all fourteen points and for all retractions (5, 7.5, and 10 mm). The displacement error for each point was normalized to the mean error for each retraction, while the point's distance from the retractor was normalized to the half-width of the pig's brain. The plot shows that displacement error decreases as the distance from retractor increases, due primarily to lesser movement at locations in the far field. However, by representing the results in this fashion, results from all retractions can be compared and a general relationship (line-fit) can be used to predict the possible inaccuracies associated with a model-updated approach in relation to their proximity of the events that effect brain shift. After the model has calculated the volumetric deformation, the preoperative image can be deformed into a high-resolution image more representative of the true intraoperative subject anatomy. The technique for deforming the preoperative images is a backcasting approach described in previous literature by Miga et al. [7] . Figure 7 displays the model-updated images (bottom) compared to the MR scans of the actual deformed anatomy (top). The baseline scan on the left is the preoperative image that would normally be used throughout the surgery to guide the surgeon through the operative procedure. The image series below illustrates the significant shifts that can occur between the preoperative and deformed states of the brain due to retraction. In addition, Figure 7 demonstrates the degree of agreement that can be achieved by using a model to predict the true intraoperative state of the subject's anatomy (comparing top to bottom, respectively). 
DISCUSSION
Overall the results show good predictions of volumetric deformation and tissue motion. The model has already been shown to recapture nearly 70-80% of motion due to gravitational sag [7] ; and when tackling the more difficult task of simulating retraction, the model recaptured roughly 66% of tissue motion on average. Success of the model hinges upon the validity of the inputs, and further investigation should be made into the boundary conditions regarding surface pressure and displacement, including the force applied to the tissue by the retractor. Further research is ongoing into the computations involved with deforming the model and the image warping technique that will further enhance results and images. However, potential for the model-updated approach can be seen through the images in Figure 7 .
There were several problems associated with this experiment that made the modeling slightly more difficult and may have influenced the accuracy of the calculations. The first was the placement of the retractor in the hemispheric split so that it lifted up the left hemisphere in the baseline scans. When the retractor then moved into the right hemisphere, the tissue sagged back down as would be expected but the model assumed that all effects of gravity had taken place. As a result, points 1 & 2 on Figures 4 & 5 located near the surface on the unretracted side demonstrated an unexpected y-displacement (on the trajectory plots, positive y-displacement corresponds to movement in the direction of gravity). Point 7 was located near the bottom of the retractor on the retracted side, and its measured motion may have been affected by the unexpected presence of a small artifact at the base of the retractor (seen in the top images of Figure 7 ). Every other point was predicted approximately within a millimeter, and most to within a voxel.
CONCLUSION
This paper shows the potential of computational modeling for simulating retraction and updating preoperative images. In addition, this paper adds to the results discussed by Platenik et al. [9] by providing direct comparison of images within the intraoperative MR context. The ex vivo experiment reported here shows that calculated and measured tissue motion correlates accurately despite a few complications and refinements that need to be made for future studies. These initial results show that the model can recapture at least 66% of tissue motion on average and reduce the maximum registration error by over 80%. Improvements made in future experiments should yield even better results through refinement of the model and boundary conditions. When retraction is applied in combination with simulations of gravity and resection, computational modeling offers an inexpensive and effective method for maintaining registration accuracy that is essential for success in image-guided neurosurgery.
